Studies of embryonic stem cells (ESCs) reveal that these cell lines can be derived from differing stages of embryonic development. We analyzed common changes in the expression of microRNAs (miRNAs) and mRNAs in 9 different human ESC (hESC) lines during early commitment and further examined the expression of key ESCenriched miRNAs in earlier developmental states in several species. We show that several previously defi ned hESC-enriched miRNA groups (the miR-302, -17, and -515 families, and the miR-371-373 cluster) and several other hESC-enriched miRNAs are down-regulated rapidly in response to differentiation. We further found that mRNAs up-regulated upon differentiation are enriched in potential target sites for these hESC-enriched miRNAs. Interestingly, we also observed that the expression of ESC-enriched miRNAs bearing identical seed sequences changed dynamically while the cells transitioned through early embryonic states. In human and monkey ESCs, as well as human-induced pluripotent stem cells (iPSCs), the miR-371-373 cluster was consistently up-regulated, while the miR-302 family was mildly down-regulated when the cells were chemically treated to regress to an earlier developmental state. Similarly, miR-302b, but not mmu-miR-295, was expressed at higher levels in murine epiblast stem cells (mEpiSC) as compared with an earlier developmental state, mouse ESCs. These results raise the possibility that the relative expression of related miRNAs might serve as diagnostic indicators in defi ning the developmental state of embryonic cells and other stem cell lines, such as iPSCs. These data also raise the possibility that miRNAs bearing identical seed sequences could have specifi c functions during separable stages of early embryonic development.
Introduction
T he isolation of embryonic stem cells (ESCs) from the inner cell mass of murine and human embryos and the subsequent derivation of cell lines from these pluripotent cells provided researchers with powerful tools for developmental studies and for potential cellular therapeutics [ 1 , 2 ] . Embryonic stem cells are capable of self-renewal and possess the ability to differentiate into a broad array of cell types. Numerous studies have demonstrated the ability to direct the differentiation of ESCs into various lineages [ 3 , 4 ] . As such, the potential applications of ESCs in both basic and clinical research have been highly touted [ 3 ] .
Recently, several groups reported that the forced expression of select transcription factors facilitated the reprogramming of adult somatic cells into pluripotent, ES-like cells [5] [6] [7] [8] [9] . The creation of these induced pluripotent stem (iPS) cells brings with it the exciting possibility that pluripotent donor-specifi c stem cell lines can be created to treat a host of maladies. Although excellent progress has been made, further studies aimed at understanding similarities and differences between hESC and iPS are still required.
In the past decade, miRNAs have been identifi ed as an important class of genes involved in regulating organismal development and differentiation of specifi c cell types [10] [11] [12] .
serum (FBS; all from Invitrogen). Cells were grown for 3 passages in feeder-free conditions prior to differentiation. For feeder-free conditions, hESCs were grown on plates coated with Matrigel (BD Biosciences, San Jose, CA) in MEF-conditioned media, supplemented with 2 ng/mL FGF [ 32 ] . For butyrate-treatment studies, the hESCs were grown for at least 3 passages in non-MEF treated, non-FGF hESC media containing 0.2 mM sodium butyrate (Sigma), as previously described [ 33 ] .
For differentiation studies, hESCs were grown in feederfree conditions in DMEM/F12 containing glutamax with 20% ES-qualifi ed FBS, 50 U/mL penicillin, and 50 μg/mL streptomycin (all from Invitrogen) for 4 days. Differentiation of NTera-2 cells was performed using the same conditions with the exception that 5 μM retinoic acid (Sigma-Aldrich, St. Louis, MO) was also included in the media, because NTera-2 cells are otherwise refractory to differentiation. Retinoic acid treatment biases the NTera-2 differentiation to an ectodermal lineage. Media changes were performed daily for all cells used in these analyses.
Murine embryonic stem cells (mESCs) were treated as previously described [ 33 ] . Murine epiblast stem cells (mEpiSC #5) were the kind gift of Dr. Paul J. Tesar and were cultured in hESC culture conditions as described [ 34 ] . The tissue culture-derived mEpiSCs were obtained by passaging R1 mESCs with 20 ng/mL activin A (HumanZyme) and 10 ng/mL bFGF (Invitrogen, Carlsbad, CA) as described [ 35 ] .
Non-human primate (nhp) ESCs were the gift of Tom Burbacher and Eric Hayes, Washington National Primate Research Center). The MF-1 cell line was generated from a male Macaca fascicularis embryo and had a normal G-banded karyotype on arrival at passage 56 . These cells were grown on a feeder layer of γ-irradiated (3,000 rads) primary MEF from passage 59 to passage 72. Base culture medium consisted of DMEM/F12 containing GlutaMax™ supplemented with 20% SR, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 50 U/mL penicillin, 50 mg/mL streptomycin (all from Invitrogen), 0.1 mM β-mercaptoethanol (Sigma, St. Louis, MO). MF-1 were grown on feeders in base medium supplemented either with 4 ng/mL FGF2 (Invitrogen) to approximate standard hESC/epiblast stage culture, in the presence of 0.1 mM sodium butyrate (Sigma) + 200 nM suberoylanilide hydroxamic acid (Vorinostat, Cayman Chemical) + 10 ng/mL human LIF (Millipore, Temecula, CA) to induce a reversion to an earlier developmental stage between embryonic equivalent epiblast and inner cell mass [ 33 ] .
Establishment of induced pluripotent stem (iPS) cell lines
iPS cells were generated from human fi broblasts using either a previously described 4-component cocktail (Oct4, Sox2, Nanog, and Lin28; OSLN) [ 8 ] or 4/3-component cocktails (Oct4, Sox2, Klf4 with or without c-Myc; OSKM or OSK and M83.9) [ 36 ] .
Human myocardial fi broblasts (HMF2) and human foreskin fi broblasts (HFF1) were infected by lentiviruses expressing Oct4, Sox2, Nanog, and LIN28 and Moloney murine leukemia retroviruses expressing Oct4, Sox2, KLF4, and c-Myc, respectively. Viral transductions were performed in the presence of polybrene (4 μg/mL). Following 1-or 2-day incubation, cells These endogenous, small (~22 nucleotide) RNAs regulate the stability and translation of mRNAs bearing partially complementary sequences in their 3′ untranslated regions (UTRs). Computational and functional studies have identifi ed nucleotides 2-8, or the "seed region," as the critical portion of the miRNA for base pairing interactions with target mRNAs [ 11 , 13 ] . Families of miRNAs with highly conserved sequences are found in many organisms, and additionally, clusters of miRNAs located in discrete genomic loci can be coordinately expressed. These clusters and families of miRNAs are ideal molecular tools for regulating developmental processes, as the miRNAs can be expressed in a temporal manner to quickly regulate the expression of a host of genes. Studies have shown that miRNAs play critical roles in the maintenance and differentiation of various populations of mammalian stem cells; however, careful examination of miRNAs and their function in hESCs is still in early stages [14] [15] [16] [17] [18] [19] .
Previously, miRNA expression has been examined in murine and human ES cells using cloning, microarray, quantitative polymerase chain reaction (PCR), and deep sequencing technologies on selected cell lines [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . These studies typically involve embryoid body (EB) formation as an intermediate step, and the differentiation protocols extend for several weeks. In order to examine the miRNAs responding rapidly to early differentiation cues, we analyzed 9 NIH-approved hESCs 4 days after the initiation of serum-enforced differentiation. In corroboration with other studies, we fi nd that members of several previously described miRNA families and clusters are enriched in hESCs. Additionally, we observe that the expression of miRNAs not previously associated with hESCs, as well as several recently discovered miRNAs and miRNA families. These miRNAs responded dramatically upon initiation of differentiation, suggesting that they may perform highly ES-specifi c roles. Finally, we examined the expression of the hESC-enriched miRNAs in early developmental stages in several species and fi nd that the expression of miRNAs bearing identical seed sequences (miR-302b and hsa-miR-372/mmu-miR-295) correlates with the state of the ESC, suggesting that relative expression levels of these microRNAs might serve as diagnostic indicators of the stem cell state.
Materials and Methods

hESC cells and culture techniques
For this study, the human ESC lines H1 (WA01), H7 (WA07), H9 (WA09), H13 (WA13), H14 (WA14), HSF-6, BG01, BG02, and BG03, as well as the embryonal carcinoma cell line, NTera-2, were used [ 30 , 31 ] . hESCs were maintained as previously described [ 31 ] . In brief, hESCs were initially cultured on monolayers of γ-irradiated primary mouse embryonic fi broblasts (MEFs) with Dulbecco's modifi ed Eagle's medium/Ham's F-12 medium (DMEM/F12) containing glutamax with 20% knockout serum replacer (SR), 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 50 U/ mL penicillin, 50 μg/mL streptomycin (all from Invitrogen, Carlsbad, CA), 0.1 mM β-mercaptoethanol (Sigma-Aldrich, St. Louis, MO), and 2 ng/mL basic fi broblast growth factor (FGF; Peprotech, Rocky Hill, NJ). Cells were passaged using 1.2 U/mL dispase dissolved in phosphate-buffered saline (PBS) containing 10% ES-qualifi ed fetal bovine manufacturer's protocol. RNA fractionation, labeling, hybridization, and detection were performed as previously described using Agilent Technologies single-color, miRNA microarrays [ 37 ] . The microarray platform contains probes for detection of 470 annotated human miRNAs and the sensitivity and dynamic range of the assay allows for reliable detection of miRNAs expressed at low levels. Backgroundsubtracted gene signals were normalized to the 75th percentile of signal intensity for each chip. Placental RNA samples, provided by the microarray manufacturer, were used as internal control samples for the microarray slides. All miRNA microarray data analysis was performed using MultiExperiment Viewer (MeV, version 4.3) [ 38 ] . Hierarchical clustering analysis using the log of ratio (differentiated expression/undifferentiated expression) following normalization was performed and Euclidian Distance and average linkage for similarity measurements were utilized.
For comparison of miRNA expression in the BG02-CM and BG02-butyrate cells, statistical analyses were performed using the freely available statistical programming and graphics environment R and using the Limma bioconductor package. After general log 2 transformation, the backgroundcorrected data was quantile normalized. A linear model was fi tted for each gene and an empirical Bayesian approach was used to calculate standard errors and to rank genes using a combination of magnitude and consistency of differential expression. Differentially expressed genes were defi ned as those with a B statistic > 0 [ 39 ] .
mRNA microarray and hexamer seed-match analysis
Total RNA for mRNA microarray analysis was isolated using RNeasy kit (Qiagen, Valencia, CA) as per manufacturer's protocol. Samples were amplifi ed and labeled using a custom-automated version of the RT/IVT protocol and reagents provided by Affymetrix. Hybridization, labeling, and scanning were completed following the manufacturer's recommendations (Affymetrix). Sample amplifi cation, labeling, and microarray processing were performed by the Rosetta Inpharmatics Gene Expression Laboratory in Seattle, WA. Two-way hierarchical clustering of whole genome microarray expression (Affymetrix) and Rosetta error modeling was used to fi nd groups of genes whose expression changed at least 1.5-fold and had a P value <0.01 in all 9 hESCs [ 40 ] . GO term annotation and 3′-UTR hexamer analysis of gene sets and were performed as previously described [ 41 ] .
Chromatin immunoprecipitation (ChIP) and real-time PCR
ChIP assays were performed based on a modifi cation of previously published methods [ 42 ] . In brief, cells (1 × 10 6 ) were treated with 1% formaldehyde for 8 min to cross-link histones to DNA. After washing with cold PBS, the cell pellets are resuspended in lysis buffer (150 mM NaCl/25 mM Tris-Cl, pH 7.5/5 mM EDTA/1% Triton X-100/0.1% SDS/0.5% sodium deoxycholate) and sonicated 7 times for 8 s. The lysate was then divided into 3 fractions. The fi rst lysate was incubated with 10 μL of either anti-K9 acetylated histone H3 (H3K9Ac; Upstate Biotechnology, Charlottesville, VA) or anti-histone H3 (Abcam, Cambridge, UK) antibodies at 4°C overnight. The second lysate was incubated with TE buffer (10 mM Tris/1 mM EDTA, pH 8.0, 10 μL) at 4°C overnight as were trypsinized, transferred to 10-cm dishes, seeded with irradiated MEF, and cultured in hESC medium. For the generation of 3 factor-iPS cells, hESC medium was supplemented with 0.5 mM valproic acid during the fi rst 10 days.
To establish iPS cell lines, iPS colonies were picked ~1 month post-infection based on hESC-like colony morphology. The selected colonies were subsequently expanded and maintained on irradiated MEF in hESC media. Butyrate treatment of induced pluripotent stem cells (iPSCs) was as described earlier for hESCs.
Reverse transcription and quantitative polymerase chain reaction (qPCR)
Total RNA was extracted from cells using Trizol (Invitrogen, Carlsbad, CA), according to manufacturer's protocol. The RNA was then treated with DNase I (Fermentas) to remove any contaminating genomic DNA. Reverse transcription was performed using Omniscript (Qiagen, Valencia, CA) according to manufacturer's protocol. Reactions were carried out at 37°C for 60 min. Quantitative PCR was performed using Power Sybr ® Green PCR Master Mix (Applied Biosystems, Foster City, CA) using an Applied Biosystems 7300 Real-Time PCR System. All primer sets were validated for use in qPCR by several methods, including agarose gel analysis, dissociation curve analysis, and template dilution studies. Reactions were carried out using the following conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s steps. All qPCRs were normalized using β-actin as an internal control. Primer sequences are as follows: β-actin fwd-5′-TCAAGATCATTGCTCCTCCTGAG-3′, β-actin rev-5′-ACATCTGCTGGAAGGTGGACA-3′, Nanog fwd-5′-CCTGTGATTTGTGGGCCTG-3′, Nanog rev-5′-GACA GTCTCCGTGTGAGGCAT-3′, Oct4 fwd-5′-GTGGAGGAAG CTGACAACAA-3′, Oct4 rev-5′-ATTCTCCAGGTTGCCTCT CA-3′, Sox2 fwd-5′-GTATCAGGAGTTGTCAAGGCAGAG-3′, Sox2-rev-5′-TCCTAGTCTTAAAGAGGCAGCAAAC-3′.
All miRNA qPCR assays were performed using TaqMan miRNA assays (Applied Biosystems), according to the manufacturer's protocol.
Immunofl uorescence
hESCs were grown on Matrigel-treated chamber slides (Nalge Nunc Intl.) under conditions previously described. Following the 4 days of CM or differentiation media treatment, the cells were fi xed with 4% paraformaldehyde. Cells stained for intracellular Oct4 were permeablized using Triton-X (0.1%). The following primary antibodies were used at the indicated dilutions: Oct 3/4 (R&D Systems, Minneapolis, MN; 1:100), SSEA-4, and Tra-1-60 (Chemicon Intl., Temecula, CA; 1:200). Secondary antibodies and dilutions were as follows: Alexa-568 goat α-mouse and Alexa-488 donkey α-goat (Molecular Probes, Eugene, OR; 1:1,000). Cells were further treated with the nuclear stain 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) (1 μg/mL; Sigma-Aldrich, St. Louis, MO) and visualized using confocal microscopy (Lecia SPE5).
miRNA Microarray
Total RNA for miRNA microarray analysis was extracted using Trizol (Invitrogen, Carlsbad, CA), according to maintenance conditions prior to exposure to defi ned growth factors.
Typical hESC differentiation protocols entail exposure of hESCs to differentiation stimuli for prolonged periods of time (>1 week). In contrast, we determined that several key stem cell markers were already signifi cantly downregulated on both the RNA and protein levels following 4 days of serum-induced differentiation ( Fig. 1B and 1D ; Supplementary Fig. 1 ; Supplementary materials are available online at www.liebertonline.com/scd). Immunofl uorescent staining of the stem cell markers Oct4, SSEA-4, and Tra-1-60 demonstrate a strong reduction consistent with the morphological changes observed in the cells after 4-day seruminduced differentiation ( Fig. 1C-1D ; Supplementary Fig. 2 ). Microarray analyses also indicate that the 4-day seruminduced differentiation protocol leads to a concomitant induction of germ layer markers in the hESC lines used in this study ( Supplementary Fig. 3 ).
Hierarchical clustering of miRNA expression levels reveal hESC-enriched miRNAs
To gain a full perspective on miRNA expression in hESCs, we measured global miRNA expression levels in all 9 NIH-approved hESC lines in both an undifferentiated state and early committed state. Additionally, we examined the NTera-2 embryonal carcinoma cell line, because these cells have been reported to share hESC characteristics, such as the formation of teratomas in vivo and the ability to differentiate into multiple tissue types upon differentiation in cell culture [ 30 , 45 ] .
Microarray-based hybridizations were utilized to detect miRNA expression in the samples and the changes in miRNA expression in each cell line (log ratio of differentiated signal/undifferentiated signal) were further analyzed using unsupervised, hierarchical clustering. This analysis revealed a high degree of similarity in the changes in miRNA expression induced by the serum-induced differentiation protocol for the 9 hESC cell lines examined ( Fig.  2 ) . We observed that many of the miRNAs that are highly expressed in hESCs, including members of the miR-302 cluster and the miR-17 family, were consistently down-regulated in all lines analyzed in response to early differentiation cues, while the previously identifi ed hESC-enriched miR-371-373 cluster was down-regulated in 6 of the 9 hESC lines ( Fig. 2 and Table 1 ). In analyzing these miRNAs that respond most acutely to the differentiation scheme, we fi nd only modest correlation between the hESCs and NTera-2 ( Supplementary Table 1 and Supplementary Fig. 4 ) .
The microarray analysis also detected the enrichment of multiple members of a recently described, large cluster of miRNAs on chromosome 19 (henceforth called C19MC for chromosome 19 miRNA cluster) in undifferentiated hESCs ( Fig. 2 ) [ 27 , 29 , 46 , 47 ] . This large cluster of highly related miRNAs is largely comprised of members of the miR-515 and miR-506 family, and was detected previously in placental tissue [46] [47] [48] . Across the undifferentiated hESC lines, we uniformly observed low levels of expression of these family members, as well as miR-498, which is also contained in the C19MC. This cluster of miRNAs also demonstrates a key discrepancy between the hESCs and NTera-2 cells, because unlike the highly expressed miRNAs from the miR-302 and miR-17 families, we did not detect signifi cant a negative control. The third lysate (2% of total) was used for input control. To collect the immunoprecipitated complexes, protein G-Sepharose beads (GE Healthcare, Fairfi eld, CT) were added and incubated for 1 h at 4°C. After washing, the beads were treated with RNase (50 μg/mL) for 30 min at 37°C and then proteinase K overnight. The cross-links were then reversed by heating the sample at 65°C for 6 h. DNA was extracted by the phenol/chloroform method, ethanolprecipitated, and resuspended in water.
For genome-wide analysis of H3K9Ac modifi cation, the ChIP products were labeled with cy-5 (red) and input with cy-3 (green) using a random primed Klenow polymerase reaction (Invitrogen, Carlsbad, CA) at 37°C for 3 h. Labeled samples were then hybridized to the 88K human promoter array (Agilent Technologies, Santa Clara, CA) in the presence of human Cot-1 DNA for 40 h at 65°C. After washing the array according to the manufacturer's protocol, arrays were scanned on an Agilent scanner and analyzed using Feature Extraction software (Agilent Technologies). Results were analyzed using the neighborhood error model in ChIP Analytics software (version 1.1; Agilent Technologies) [ 43 ] .
For qPCR analysis, the immunoprecipitated DNA was quantifi ed by real-time PCR using Taqman approach (Applied Biosystems, Foster City, CA). Two sets of primers located at either putative core promoter or mature miR-371 regions were used for miR-371-373 cluster [ 44 ] . In addition, a PCR primer pair specifi c for the miR-302 region was used. To correct for differences in nucleosome density, the percentage of input that was bound to H3K9AC was normalized to those of total histone H3. Primer sequences are as follows: miR-371-Forward-5′-TCAGCCTGTGGCACTCAAAC-3′, miR-371-Reverse-5′ AGTCTTCTCAAGCGGTAACACTC-3′, miR-371 Probe-5′-TCTGCTCTCTGGTGAAAGTGCCGCC-3′, miR-371-373-For ward-5′-GTCTGACTAAGGCAAGCTAGGATC-3′, miR-371-373-Reverse-5′ CCCTTCCCACCCTCTCATTCC-3′, miR-371-373 Probe-5′-CTCCGCCCCAAGCCACCCTGC-3′, miR-302-Forward-5′-GCTGTTAACATTGACATCTGTATAC-3′, miR-302-Reverse-5′ GGACTTCAGCCACTTCTATTTATAC-3′, miR-302 Probe-5′ TCCAGACCCACCCAGGATCATA CAT-3′
Karyotype analysis
G-band karyotyping was performed by the Cytogenetics Laboratory at the University of Washington.
Results
Examining early commitment of hESCs
To explore the involvement of miRNAs in hESC maintenance and early differentiation, we subjected 9 NIHapproved hESC lines to a serum-enforced differentiation scheme. Karyotypically normal hESC lines were grown in MEF feeder-free conditions and maintained in an undifferentiated state in MEF-conditioned media (CM). For induction of differentiation, hESCs were removed from conditioned medium and exposed to medium containing 20% FBS ( Fig. 1A ) [ 31 ] . This method was chosen in order to analyze the rapid shift from pluripotency toward multilineage differentiation events and it is in contrast to many published differentiation protocols, in which the switch from pluripotency is slow due to a reliance on removal of pluripotency differentiation samples, as well as miRNA qPCR analysis for specifi c miRNAs. Examination of some of these earlyresponder miRNAs from the new samples corroborated the data from the initial arrays ( Supplementary Fig. 5 ). These data demonstrate the reproducibility of the microarray platform, as well as confi rm the rapid down-regulation of these low to moderately expressed miRNAs detected upon differentiation. Additionally, the expression profi ling data for the hESCs was subjected to a one-class, T -test t to determine signifi cantly regulated genes. Reassuringly, this technique derived a nearly identical set of signifi cantly regulated miRNAs as was observed by hierarchical clustering and analysis of fold change in gene expression ( Supplementary Fig. 6 ).
miRNAs induced upon early commitment
In examining those miRNAs whose expression was up-regulated upon early differentiation of the ES cell lines, differential expression of many miRNAs from C19MC in the NTera-2 cells ( Supplementary Fig. 4 ) . Indeed, expression of the C19MC miRNAs was extremely low in the NTera-2 cells and no members of C19MC were amongst the top 20 differentially expressed (as assessed by fold change) miRNAs in these cells ( Supplementary Table 1 ) .
In addition to the hESC-enriched miRNAs found in the miR-302 family, miR-17 family, and C19MC, we also observed that several other miRNAs not commonly described as hESCenriched appeared to change expression rapidly in response to the loss of pluripotency. These include miRs-301, -101, -141, -148a, and -374 ( Fig. 2 , Table 1 ). Further studies will be necessary to determine the role of these miRNAs in hESCs.
Several of these newly described hESC-enriched miRNAs, as well as many members of C19MC were lowly or moderately expressed in the undifferentiated hESCs. To further validate the expression of these low to moderately expressed miRNAs, we performed replicate miRNA microarrays on new 
FIG. 1. Assessing undirected differentiation in human embryonic stem cells (hESCs). ( A )
Undifferentiated hESCs were treated with either mouse embryonic fi broblast (MEF)-conditioned media to maintain an undifferentiated state or serumcontaining media to induce undirected differentiation over a 4-day period. Total RNA was extracted from cells and used for qRT-PCR, microRNA (miRNA), and mRNA microarray analysis. ( B ) Stem cell marker expression levels at Day 4 of the differentiation scheme were assessed by both qRT-PCR and microarray in all undifferentiated and differentiated hESC lines. qRT-PCR analysis was performed as described in B , and both microarray and qRT-PCR data are expressed as the change in the level of gene expression during 4-day differentiation. ( C ) Phase-contrast microscopy was used to assess morphology of hESC colonies at Day 3 of the differentiation scheme. All images shown were captured using 10× magnifi cation. ( D ) Immunofl uorescent detection of the stem cell markers Oct4, SSEA-4, and Tra-1-60 demonstrates a strong reduction in stem cell markers in the differentiating H1 hESCs. Images were captured using confocal microscopy at 40× magnifi cation. Strikingly, closer inspection of the hESC-enriched miRNAs found in this study reveals that their seed sequences show a high level of similarity. Table 2 displays the seed sequences (nucleotides 2-8) for members of hESC-enriched miRNA families and clusters (as defi ned by miRBase, release 14) found in our analysis. Importantly, numerous members of the newly identifi ed hESC-specifi c C19MC miRNAs contain seed sequences that are highly similar to the seed sequences from members of the miR-302, hsa-miR-371-373, and miR-17 family, which have previously been identifi ed as hESC-enriched [ 27 , 29 ] . This redundancy in seed sequence amongst the hESC-enriched miRNAs suggests that either a group of highly related miRNAs work in concert to maintain hESCs and coordinately suppress the expression of mRNAs containing similar target sequences or that subtle, nonseed sequence differences between the miRNAs are critical to their regulatory functions [ 27 ] .
Enrichment of hESC-specifi c miRNA target sequences in genes regulated during loss of pluripotency
In addition to the miRNA profi ling analysis, we also examined mRNA gene expression in the differentiated and undifferentiated hESC samples using Affymetrix single-color microarrays. Other studies have examined gene expression profi les of differentiating human ES cells, but few have looked at very early time points in the differentiation process. We analyzed the ratio of undifferentiated sample to differentiated sample for each cell line and used 2-way hierarchical clustering along with the Rosetta error model to fi nd genes that are differentially expressed [ 40 ] . To meet the specifi c criteria for differential gene expression between the undifferentiated and differentiated samples, genes must have at least 1.5-fold change in expression and a P value ≤0.01 in all 9 hESC lines ( Fig. 3A ) . This analysis generated a group of 1,263 genes down-regulated (blue) and 1,509 genes up-regulated (pink) from the 9 hESC lines during differentiation.
To gain a better understanding of the cellular processes that change upon differentiation, we categorized the differentially expressed genes using gene ontology (GO) biological process annotation. In the group of genes up-regulated upon differentiation ( Fig. 3B ) , we found enrichment for genes associated with developmental pathways, locomotion, and cellular structural features, as would be expected for cells undergoing early differentiation. The possibility that some of the up-regulated genes result from specifi c mesodermal or endodermal differentiation cannot be excluded, since the serum-enforced differentiation showed a bias toward these germ layers ( Supplementary Fig. 3 ). In contrast, the down-regulated genes were enriched for several cellular processes, including nucleic acid biogenesis, DNA replication, and cell cycle ( Fig. 3C ) . This GO term enrichment likely we again saw highly consistent results across the 9 hESCs ( Fig. 2 ) . It is important to note that our differentiation protocol does not intentionally direct the ES cells into a specifi c cell type or lineage, although initial induction of mesoderm and endoderm was observed ( Supplementary Fig. 3 ) . Instead, removal of feeder infl uence and addition of FBS to the ESC cultures produces cell types of various morphologies and each plate of cells likely contains an assortment of cell types. Therefore, this protocol does not aim to determine miRNAs critical for specifi c lineage pathways. Rather, the miRNAs up-regulated across multiple cell lines during differentiation may more accurately refl ect a general set of miRNAs whose expression is normally suppressed in order to maintain pluripotency. In support of this idea, we fi nd that miR-145, a miRNA that was recently identifi ed as a repressor of several pluripotency factors in hESCs, is consistently up-regulated during our early differentiation scheme [ 49 ] .
In analyzing the miRNAs whose expression was most increased during differentiation, we again found that several of these miRNAs were located in specifi c chromosomal clusters (miR-24/miR-27a/miR-23a) indicating that they are coordinately regulated ( Fig. 2 ; Supplementary Table 1 ) . Additionally, our analysis revealed that miR-21, a miRNA previously reported as being suppressed in murine ES cells, becomes highly up-regulated upon differentiation of hESCs [ 50 ] . Further analyses of these miRNAs are needed to determine if they, like miR-145, act as repressors of pluripotency or whether they act in the early mesodermal or endodermal induction observed in this differentiation paradigm.
Properties of hESC-enriched miRNAs
We compared our miRNA profi ling data with several other recent hESC miRNA profi ling efforts, in order to determine those miRNAs uniformly described as hESCenriched ( Table 1 ) . From our analysis of miRNAs consistently down-regulated during early commitment of 9 hESC lines, we saw 5 distinct groups of miRNAs: miRNAs from the miR-302 cluster, miRNAs from the miR-17 family, miRNAs from the miR-371-373 cluster, miRNAs from C19MC, the miR-130 family, and a group of unrelated, nonclustered miRNAs ( Fig. 2 and Table 1 ). Consistent with these fi ndings, nearly all of the other recent reports observe the highest levels of differential expression in the members of the miR-302 cluster and the miR-17 family, while some also describe the miR-371-373 cluster and C19MC miRNAs as being hESC-enriched [ 21 , 24 , 25 , 27-29 ] . We only observed signifi cant changes in expression of members of the miR-371-373 cluster in 6 of 9 hESC lines, possibly because of their already modest expression levels. Our study also highlights the signifi cant, early changes in expression of members of the C19MC cluster, as well as other clustered and nonclustered miRNAs (miRs-101, -124a, -130a, -141, -148a, -301, -374), which may serve as important early-response mediators of commitment [ 27 , 29 ] .
FIG. 2.
Clustering analysis of microRNA (miRNA) expression reveals human embryonic stem cell (hESC)-enriched miRNAs. Single-color, miRNA microarrays (Agilent Technologies, Santa Clara, CA) were used to analyze miRNA expression in 9 hESC lines. Of the 470 miRNAs detected by the array, 184 were consistently expressed above background levels in the samples and were included in the clustering analysis. The log 2 ratio of differentiated/undifferentiated signal (fold change) for each cell line was subjected to hierarchical clustering by Euclidean distance metric using average linkage. miRNAs that are down-regulated upon differentiation are indicated by green color in the cluster and up-regulated miRNAs are indicated by red. Data procured from several studies of human embryonic stem cell (hESC)-enriched miRNAs are compared with those found in this study. Brief descriptions of the differentiation protocols, cell lines examined, and profi ling platforms used in each analysis are also indicated. Members of microRNA (miRNA) families and related clusters are highlighted (miR-302 cluster-red, miR-17 family-blue, miR-371-373 cluster-green, C19MC cluster-brown).
T able 1. miRNAs E nriched in HESCs
a similar, but not identical, mRNA profi le to hESCs ( Fig. 3A ) [ 23 , 51 ] .
In an attempt to integrate the miRNA and mRNA profi ling data from our studies, we used a hexamer-enrichment algorithm to search the 3′-UTR regions of the up-regulated and down-regulated gene sets [ 41 ] . Enrichment of particular hexamer sequences in a gene set may indicate regulation by miRNAs complementary to these sequences. More specifi cally, we looked for an intersection of miRNAs that are down-regulated upon hESC differentiation, with those genes that are up-regulated during differentiation and bear complementary sequences to the miRNAs in their 3′-UTRs, and vice versa. This analysis demonstrated that the genes down-regulated during differentiation were not significantly enriched for miRNA hexamers ( Fig. 3C ) . Of the top 5 enriched hexamers, none corresponded to miRNAs found to be signifi cantly up-regulated during differentiation ( Fig. 2 ) . In contrast, hexamer analysis of the 3′-UTRs of the up-regulated genes revealed enrichment for several ES-enriched refl ects differences in metabolic processes inherent in the pluripotent ESCs as compared with differentiated, multipotent, or unipotent cell lineages.
To determine whether the 4-day differentiation protocol utilized in our study led to similar defi nitions of hESCspecifi c genes as has previously been demonstrated in hESC profi ling studies, we directly compared our data with the microarray profi ling data reported by Sperger and colleagues [ 51 ] . Our differential gene expression data were overlapped with the lists of hESC-specifi c and EC-specifi c genes in the Sperger and colleagues study using Fisher's exact test to generate P values for the probability of these gene sets overlapping randomly ( Supplementary Fig. 7 ) . The resultant high degree of correlation between these data sets suggests that the differentiation protocols used in this study elicit data that corroborate previous, comparative differentiation studies. Additionally, our mRNA profi ling data is in agreement with previous microarray-based expression analyses of hESCs, which demonstrated that EC lines expressed 
FIG. 3.
Genome-wide mRNA profi ling and differential gene expression analysis in human embryonic stem cell (hESC) lines. ( A ) Two-way hierarchical clustering of whole genome microarray expression (Affymetryx) was used to fi nd groups of genes whose expression changed at least 1.5-fold and had a P value <0.01 in all 9 hESCs. This analysis generated a group of 1,263 genes down-regulated (blue) and 1,509 genes up-regulated (pink). ( B ) The gene set of up-regulated mRNAs generated from the clustering analysis was analyzed for enrichment of biological function using gene ontology (GO) biological process functional categories and analyzed for enrichment of hexamer sequences in their 3′-UTRs. ( C ) The gene set of downregulated mRNAs generated from the clustering analysis was annotated by GO biological process functional categories and analyzed for enrichment of hexamer sequences in their 3′-UTRs as described in B .
To further explore the stage-specifi c expression of the miR-371-373 cluster, we assessed the epigenetic state of this genomic locus by performing chromatin immunoprecipitation (ChIP) using an antibody specifi c for acetylated histone H3K9, a marker of active transcription. Microarray analysis in conjunction with ChIP revealed that the miR-371-373 promoters are hyperacetylated in the butyrate-treated cells, but not the CM-treated cells ( Fig. 4D ) . Furthermore, ChIP-qPCR analysis of the mature miR-371 sequence and the miR-371-373 promoter region confi rmed that this locus, but not the miR-302 locus, was specifi cally enriched for acetylated H3K9 in the butyrate-treated cells ( Fig. 4E ) . These data support the fi ndings that the miR-371-373 cluster is expressed at higher levels in earlier developmental stages than hESCs, and show that epigenetic modifi cations correlate with the stage-specifi c transcription of the miR-371-373 locus.
Our fi nding that the miR-371-373 cluster is expressed at higher levels in the butyrate-treated cells indicates that these miRNAs may play important roles at earlier stages of embryonic development than is refl ected by hESCs. Interestingly, it has been shown that the murine homologs of human miR-371-373 cluster (the mmu-290-295 cluster) are highly expressed in murine ES cells, which emanate from an earlier embryonic stage than hESCs. Additionally, the miR-302 family, which is highly expressed in hESCs, is less expressed in mESCs [ 20 , 22 ] . In order to determine if our observed pattern of expression of these ES-enriched miRNAs in early primate stem cell populations also occurred in mouse, we examined the expression levels of mmu-miR-295 and miR-302b in mESCs and in both naturally derived murine epiblast stem cells (mEpiSC) and mEpiSCs derived in tissue culture from mESCs [ 34 , 35 ] . We found that mmu-miR-295 has only a subtle change in expression level between mESC and the mEpiSCs, as indicated by the ∆Ct values. However, the expression level of a member of the miR-302 family, miR-302b, was considerably higher in the mEpiSCs than the mESC counterparts, in corroboration with a previous study of mouse embryos ( Fig.  4F ) [ 53 ] . Similar to hESCs, murine ES cells down-regulate expression of both the mmu-miR-290-295 cluster and miR-302 family upon differentiation [ 22 , 54 ] .
A recent report indicated that some hESC-enriched miRNAs, including the miR-371-373 cluster, are differentially expressed in iPSCs as compared with hESCs [ 55 ] . We tested whether butyrate treatment can similarly up-regulate expression of the miR-371-373 cluster in iPSC lines. We created 5 individual iPSC lines using different cocktails of transcription factors ( Supplementary Figs. 8 and 9 ). We then grew the iPSC lines in CM or butyrate-treated media to monitor the expression of miR-302b and miR-372. Similar to hESCs, the butyrate-treated iPS cells exhibited an increased expression of miR-372 (3-9-fold) as compared with the CM-treated cells, while miR-302b levels decreased ( Fig. 5 ) .
In our studies of hESC-enriched miRNAs, we consistently observe differential expression of highly similar miRNAs at separable stem cell stages. Since the miR-302 family and hsa-miR-372/mmu-miR-295 share an identical seed ( Table 2 ) , our data from primate and murine ES cells, as well as human iPSCs, imply that ES-enriched miRNAs with the same seed sequence may have critical roles at differing stages of embryonic development in both human and mice ( Fig. 6 ) . miRNAs ( Fig. 3B ) . Specifi cally, we found that mRNAs with 3′-UTRs bearing hexamer seed matches for miRs-374, -524*, -520a*, -106a, -19a/b, -518a*, -302b*, and -522 were signifi cantly up-regulated amongst this gene set. This positive correlation between down-regulated miRNAs with up-regulated mRNAs containing matches for hESC-enriched miRNAs suggests that some of these miRNAs may function to down-regulate expression of genes associated with differentiation. These putative hESC-enriched miRNA/target mRNA relationships represent potential starting points for examining the roles of specifi c miRNAs in maintenance and differentiation of hESCs.
miRNA expression delineates separable embryonic states
We further wished to determine if the ESC-enriched miRNAs are also expressed at earlier developmental stages. In order to further delineate the precise stages of expression of the hESC-enriched miRNAs, we took advantage of a recently published method involving the use of sodium butyrate, a histone deacetylase (HDAC) inhibitor, to induce hESCs regression to an earlier developmental stage [ 33 ] . Cells treated with a low concentration of sodium butyrate, but not MEF-CM with FGF, still displayed the normal characteristics of hESCs, including the ability to self-renew and form teratomas in vivo. However, expression profi ling data and the lack of X chromosome inactivation indicated that these cells were more similar to a mouse ES cell state than human ES cell state. Interestingly, murine embryonic stem cells (mESCs) are proposed to refl ect an earlier stage of embryonic development (approximately embryonic day (E)3.5) than human ES cells, which are believed to be of an origin more closely related to murine epiblast stem cells (~E5.75) [ 34 , 52 ] . Therefore, examination of the butyrate-treated hESCs allows for investigation of a cellular state approximating earlier embryonic cells.
To investigate the behavior of hESC-enriched miRNAs in this early stem cell state, we compared the miRNA expression profi le of CM-treated, undifferentiated BG02 cells and sodium butyrate-treated BG02 cells. The log-transformed expression data was fi t to a linear model and a Bayesian approach was used to determine signifi cant differential expression between the samples ( Fig. 4A ) . Interestingly, we fi nd that the hESC-specifi c miR-371-373 cluster is highly upregulated in the butyrate-treated cells, while several members of the miR-302 family are slightly down-regulated. To validate these fi ndings, we performed qPCR analysis for miR-372 and miR-302b on several independent sets of CM-and butyrate-treated cells (H1, H13, BG02; Fig. 4B ). Similar to the microarray analysis, the qPCR data demonstrates a dramatic up-regulation for miR-372 and a modest down-regulation for miR-302b in all 3 butyrate-treated cell lines, as assessed by ∆Ct value and average fold change in expression for each set of CM-and butyrate-treated hES cell lines ( Fig. 4B ) . To corroborate the butyrate-treatment studies of hESCs, we also tested the response of miR-372 to butyrate treatment in an ES cell line derived from monkeys, MF-1. Using qPCR, we again observed that miR-372 was up-regulated in response to butyrate in comparison with cells treated with standard ES cell media ( Fig. 4C ) . We also found that the level of miR-302b was unaffected following butyrate treatment, further confi rming our hESC fi ndings in a nonhuman primate ESC line.
placental tissue and very recently in hESCs [ 27 , 29 , 47 , 48 , 58 ] . Although not as highly expressed as other ES-enriched miRNAs, we consistently observed expression of members of C19MC in undifferentiated hESCs but not in the differentiated cells. We also found several additional low to moderately expressed miRNAs (miRs-101, -124a, -130a, -141, -148a, -301, -374), whose expression appears to be enriched in hESCs, as these miRNA genes are down-regulated rapidly upon early differentiation. The high similarity in differential expression patterns across the hESC lines suggests that expression of a core group of miRNAs may be critical for hESC maintenance, as these 9 hESC lines represent 9 distinct individuals.
Discussion
Previously, others have examined miRNA and/or mRNA expression profi les in individual or several hESC lines, while this study encompasses the largest number of NIH-approved hESC lines during early differentiation [ 21 , 23-26 , 51 , 56 , 57 ] . We describe a core group of early-response miRNAs, including the miR-302 family, the miR-17 family, the miR-371-373 cluster, and a cluster of miRNAs located on chromosome 19, C19MC, as being hESC-enriched ( Fig. 2 and Table 1 ). The C19MC cluster is restricted to primates, and heretofore, expression of the C19MC miRNAs has been detected only in 
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Due to the nature of the differentiation scheme used in these studies, the miRNA identifi ed as hESC-enriched represent the early-response genes upon loss of hESC pluripotency. As such, these miRNAs are likely to regulate key differentiation-associated genes. Alternatively, these miRNAs might regulate cellular processes that are inherently different in hESCs as compared with their differentiated progeny. In accordance with this idea, a recent study found that miR-302a can regulate expression of cyclin D1 in hESCs [ 53 ] . In contrast, those miRNAs whose expression is acutely up-regulated in response to differentiation cues may be key regulators of stem cell-specifi c genes or processes, as has already been observed for miR-145 [ 49 ] .
Intriguingly, many members of these ES-enriched miRNA families and clusters bear similar seed sequences ( Table 2 ). The origin of these similar miRNA clusters and a determination of whether they act in a functionally redundant fashion to target the same or related mRNAs in hESCs await further analyses. It is possible that these related miRNAs act coordinately to suppress the expression of related genes involved in differentiation or in specifi c developmental stages of hESCs.
Finally, in order to gain a greater perspective of hESCspecifi c miRNAs, we sought to examine miRNA expression of an embryonic state that precedes hESCs. A previous study of mouse embryos describes differential expression of the miR-302 family at successive embryonic stages [ 53 ] . In our study, using embryonic cell lines from several species, we similarly observe that individual ES-enriched miRNAs can change expression dramatically in separate embryonic cell states. In human and monkey ES cells, we fi nd that treatment with a low concentration of butyrate to induce an earlier embryonic state results in a large upregulation in expression of the miR-371-373 cluster, while the highly expressed miR-302 family is largely unaffected ( Fig. 4B-4E ) . A similar expression pattern is observed for these miRNA families and clusters when examining the mEpiSCs in comparison with their embryonic predecessors, the mESCs, which have previously been demonstrated to contain a high level of expression of the homologs of the miR-371-373 cluster (mmu-miR-290-295; Fig. 4F ) [ 20 , 22 ] . We additionally found that butyrate treatment of human iPSCs increased the level of expression of a member of the miR-371-373 cluster, miR-372 ( of iPSC formation [ 59 ] . These fi ndings raise the possibility that hESC-enriched miRNAs could serve as important diagnostic indicators of stem cell state, and correspondingly, as indicators for their potential utility in research and clinical applications.
idea that butyrate treatment of hESCs and iPSCs drives the cells toward an earlier embryonic state and demonstrate that hESC-enriched miRNAs are differentially expressed at specifi c embryonic stages.
Interestingly, the miRNAs from the miR-302 family and hsa-miR-371-373/mmu-miR-290-295 clusters share identical or highly similar seed sequences, as discussed earlier. Since these miRNAs show high expression at separable embryonic stages, one implication is that the "non-seed" portions of the miRNAs are likely important in infl uencing stagespecifi c regulatory functions. Alternatively, these miRNAs may have overlapping functions in embryonic stages and have differential expression caused by epigenetic changes in the local chromatin structure of these miRNAs at different embryonic stages or by stage-specifi c expression of transcription factors.
In collaboration with the serum-enforced differentiation studies, our hESC butyrate-treatment studies provide us with a window to observe changes in miRNA expression in developmental stages both preceding and following the ICM-derived hESC stage. As such, we were able to determine miRNAs enriched in hESCs, as well as those expressed in earlier developmental stages. As the research and clinical applications for iPSCs expand, it is critical to characterize the molecular factors responsible for stem cell plasticity or "stemness." As important regulators of development, miRNAs are attractive genes to codify early embryonic stages. Interestingly, a recent study demonstrated that enforced expression of some member of the murine miR-290-295 cluster and miR-302 family improved the effi ciency and kinetics 
